the geriatric nutritional risk index (GnRi) and creatinine (cr) index are indexes often used as nutritional surrogates in patients receiving hemodialysis. However, few studies have directly compared the clinical characteristics of these two indexes. We investigated 3,536 hemodialysis patients enrolled in the Japan DOPPS phases 4 and 5. The primary outcome was all-cause mortality and the main exposures were the GNRI and Cr index. We confirmed and compared the association between these indexes and mortality risk as estimated by a multivariable-adjusted cox proportional hazards model. During the median 2.2-year follow-up period, 414 patients died of any cause. In the multivariable-adjusted model, lower GnRi and cr index were both associated with increased risk of all-cause mortality, and these associations were further confirmed by restricted cubic spline curves. The predictability of all-cause mortality, as represented by the c-statistic, was comparable between the two indexes. furthermore, baseline nutritional surrogates that corresponded with lower GnRi or cr index values were comparable between the two indexes. Given that calculating the GnRi is simpler than calculating the cr index, our data suggest that the GnRi may be preferable to the cr index for predicting clinical outcomes in patients undergoing maintenance hemodialysis.
mortality [16] [17] [18] . For GNRI, meta-analyses have confirmed its usefulness for good predictability of mortality 19, 20 . Although these indexes reflect nutritional status, they are derived from different clinical parameters and are thus unlikely to impact clinically relevant outcomes in the same way in patients receiving maintenance hemodialysis. In addition, because the GNRI only requires two parameters whereas the Cr index requires four, calculating the GNRI is simpler. If outcome predictability is comparable between these two indexes, the simpler of the two would be more practical and useful in the clinical setting. Despite these, few studies have compared the usefulness and predictive ability of these two nutritional indexes regarding all-cause and cardiovascular mortality in this population 21 . It is clinically important to directly compare these two indexes in the same study population comprising a relatively large number of hemodialysis patients.
There were two main aims of the present study. One was to confirm the previously established observations that lower GNRI and Cr index values are associated with increased risk of all-cause death in maintenance hemodialysis patients. The second was to determine whether the GNRI and the Cr index are equally valuable, or whether one is preferable to the other as a surrogate of nutritional status and mortality in hemodialysis patients.
Results patient characteristics.
In the present study, we used the dataset of phases 4 and 5 of the Japan Dialysis Outcomes and Practice Patterns Study (DOPPS), a multicenter, prospective, observational study conducted in Japan as part of the DOPPS 22, 23 . Japan DOPPS phases 4 and 5 included a total of 4,806 participants. After exclusion of participants with missing baseline GNRI (n = 675) or Cr index (n = 905) values, 3,536 patients were deemed eligible for the present study. Baseline characteristics stratified by GNRI and Cr index quartiles are shown in Table 1 . Median age was 66 (58-74) years and 65.0% were male. Median dialysis vintage was 4.2 (0.8-10.1) years. When divided into quartiles based on GNRI, patients with a lower GNRI were older and showed a higher prevalence of female, higher prevalence of a history of cardiovascular diseases, lower body weight and BMI, lower systolic blood pressure level, higher single pool Kt/V for urea, lower serum levels of albumin, Cr, urea nitrogen, calcium, phosphate, parathyroid hormone (PTH), higher serum level of alkaline phosphatase, and lower prescription proportion of vitamin D receptor activators (VDRAs), phosphate binders, and erythropoiesis-stimulating agents. When divided into quartiles based on Cr index, patients with a lower Cr index were older and showed a higher prevalence of female, shorter dialysis vintage, higher prevalence of diabetes mellitus and history of cardiovascular diseases, lower body weight and BMI, higher prevalence of presence of residual kidney function (RKF), lower systolic blood pressure level, lower serum levels of albumin, Cr, urea nitrogen, calcium, phosphate, PTH, higher serum level of alkaline phosphatase, and lower prescription proportion of VDRAs, phosphate binders, and erythropoiesis-stimulating agents.
Kaplan-Meier curves for all-cause and cardiovascular death stratified by GNRI or Cr index. During
the median observation period of 2.2 years, 414 patients died of any cause and 151 patients died of cardiovascular diseases. Figure 1 shows non-adjusted Kaplan-Meier curves for all-cause death according to groups stratified by GNRI or Cr index. Patients in a lower GNRI category showed a significantly higher incidence rate of all-cause death than those in a higher GNRI category (Log-rank test, P < 0.05). Similarly, patients in a lower Cr index category showed a significantly higher incidence rate of all-cause death than patients in a higher Cr index category (Log-rank test, P < 0.05).
Regarding cardiovascular deaths, patients in a lower GNRI category showed a significantly higher cardiovascular mortality than patients with a higher GNRI category ( Fig. S1A ). Similarly, patients in a lower Cr index category showed a significantly higher cardiovascular mortality than patients in a higher Cr index category ( Fig. S1B ).
Association between the risk for all-cause and cardiovascular death and two nutritional indexes examined by cox proportional hazards models.
To determine the association between the two nutritional indexes and death, we estimated the hazards risks for all-cause and cardiovascular deaths in each quartile by applying Cox proportional hazards risk models. As shown in Table 2 , an age-and gender-adjusted Cox proportional hazards model showed that a lower GNRI category was significantly associated with an increased risk for all-cause death compared with the highest GNRI category. The association remained unchanged even after adjustment for potential confounding factors: multivariable-adjusted hazard risk (HR) [95% confidence interval (CI)] of Q1 was 2.21 [1.61-3.03] compared with the reference group (Q4). As for cardiovascular mortality, the association between GNRI and cardiovascular mortality was only marginally significant ( Table 2 ).
The age-and gender-adjusted Cox proportional hazards model showed that the lowest Cr index category was significantly associated with an increased risk for all-cause death compared with the highest Cr index category ( Table 3 ). This association remained unchanged even after adjustment for potential confounding factors: the multivariable-adjusted HR [95% CI] of Q1 was 3.49 [2.08-5.85] compared with the reference group (Q4). As for cardiovascular mortality, the association between Cr index and cardiovascular mortality was also statistically significant (Table 3) , with a multivariable-adjusted HR [95% CI] of Q1 of 3.07 [1. 14-8.22 ] compared with the reference group (Q4)(Model 2).
To further address the impact of RKF on Cr index, we conducted a sensitivity analysis. As shown in Table 3 , even when RKF was included as a covariate in the multivariable analysis, the association remained almost unchanged (Model 3).
Finally, when we compared c-statistics between the GNRI and Cr index regarding all-cause and cardiovascular mortality, no significant differences were observed, as shown in Tables 2 and 3 .
non-linear dose-response associations between risk for all-cause and cardiovascular death and two nutritional indexes by restricted cubic spline regression.
We also determined non-linear associations between nutritional indexes and all-cause mortality by multivariable-adjusted Cox proportional hazards models with restricted cubic spline regression. As shown in Fig. 2A , the adjusted hazard ratio for all-cause mortality was significantly increased when the GNRI was lower than 96 compared with those patients with GNRI ≥ 96, showing a non-linear association between GNRI and mortality risk. By contrast, patients with a Cr index of www.nature.com/scientificreports www.nature.com/scientificreports/ <21 mg/kg/day showed an increased risk for all-cause mortality, while those with a Cr index > 24 mg/kg/day showed a decreased risk compared with those with a Cr index between 21 and 24 mg/kg/day, showing an almost linear association ( Fig. 2B) . Overall, the Cr index showed a decremental association with all-cause mortality across a wide range of Cr index values. The associations between these two indexes and all-cause mortality remained almost unchanged even when the following baseline factors were further added to the multivariable analysis after imputation of missing data by mean values: systolic blood pressure level, normalized protein catabolic rate, Kt/V for urea, blood hemoglobin, serum levels of CRP, calcium, phosphate, and PTH ( Fig. S2A,B) .
As for cardiovascular death, the GNRI showed a negative association with cardiovascular mortality risk with a GNRI value of 91.5 as the lowest (Fig. S3A) . In contrast, the Cr index showed a decremental association with cardiovascular mortality across a wide range of Cr index values (Fig. S3B ). The associations between these two indexes and cardiovascular mortality remained almost unchanged even when the following baseline factors were further added to the multivariable analysis after imputation of missing data by mean values: systolic blood pressure level, normalized protein catabolic rate, Kt/V for urea, blood hemoglobin, serum levels of CRP, calcium, phosphate, and PTH (Fig. S4A,B ).
Comparison of factors determining the presence of malnutrition defined by a lower GNRI or
lower cr index. To clarify potentially differential characteristics of the GNRI and Cr index as indicators of nutritional status, we also compared those factors determining malnutrition as defined by a low GNRI or a low Cr index using multivariable-adjusted logistic regression analyses. As shown in Table 4 , malnutrition determined by either a low GNRI or a low Cr index was consistently associated with lower nPCR and lower BMI. There was a significant association between serum Cr and malnutrition determined via a low GNRI, and there was a significant association between serum albumin and malnutrition determined via a low Cr index. Serum C-reactive protein was marginally associated with malnutrition determined by a low GNRI 
Discussion
In this study, we confirmed that lower GNRI and Cr index were associated with almost equal increases in risk for all-cause mortality in maintenance hemodialysis patients, consistent with the observations obtained by the restricted cubic spline curves. Regarding model predictability, no significant difference was observed between GNRI and Cr index for the c-statistic of all-cause mortality. Furthermore, the baseline clinical factors associated with malnutrition defined by lower GNRI or Cr index were comparable between the two indexes. These results suggest that the GNRI, a simpler surrogate of nutritional status, may be preferable to the Cr index for predicting mortality risk in hemodialysis patients. The results of the present study are summarized in Supplementary  Table 1 .
In our present study, patients in lower GNRI and Cr index categories equally showed a significantly increased risk for all-cause mortality. Although the GNRI and Cr index are calculated using a different set of clinical parameters, our results suggest that they partially share nutritional information regarding the predictability of all-cause mortality. One very recent study compared the model predictability of the GNRI and Cr index regarding all-cause mortality in a relatively small cohort of 88 Chinese hemodialysis patients 21 . Results showed that model performance for all-cause mortality with the Cr index was better than that with the GNRI. Although we have no clear explanation for this discrepancy between the present study and this previous report, one possibility is the difference in the baseline nutritional status of the two cohorts. A second possibility is the relatively short observation period of our study. In any case, our present findings should be confirmed in other hemodialysis cohorts comprised of diverse ethnic groups.
As shown in Table 4 , baseline parameters related to nutritional status were shared between the GNRI and the Cr index with regard to malnutrition as determined by a low GNRI or a low Cr index. These parameters included nPCR and BMI. Both BMI and nPCR were reliable markers for malnutrition in hemodialysis patients, and our The multivariable-adjusted model was adjusted for age, gender, dialysis vintage, and comorbidity (diabetes mellitus and cardiovascular diseases). A two-tailed P value of < 0.05 was considered to indicate statistical significance. Abbreviations: Cr, creatinine; GNRI, geriatric nutritional risk index; HR, hazard ratio. Table 4 . Comparison of variables associated with "malnutrition" defined by a low GNRI category or a low Cr index category. A low GNRI was defined as the patients in the lowest quartile (Q1) of GNRI. A low Cr index was defined as the patients in the lowest quartile (Q1) of Cr index. AUCs calculated by multivariable adjusted logistic regression analysis for GNRI and Cr index were 0.814 (0.793 to 0.835) and 0.900 (0.885 to 0.913), respectively. Age, sex, dialysis vintage, history of diabetes mellitus and cardiovascular disease, and single-pool Kt/V for urea, use of vitamin D receptor activators and phosphate binders were also included in the multivariable-adjusted logistic regression analysis. A P-value less than 0.05 was considered statistically significant. Abbreviations: AUC, area under the curve; CI, confidence interval; Cr, creatinine; CRP, C-reactive protein; GNRI, geriatric nutritional risk index.
Variables

Adjusted odds ratio (95% CI) for a low GNRI category P-value
Adjusted odds ratio (95% CI) for a low Cr index category P-value
observation therefore appeared reasonable. Malnutrition defined by low GNRI was associated with lower serum Cr, whereas malnutrition defined by a low Cr index was associated with lower serum albumin. In a recent study infection-related and all-cause death predicted by the GNRI and by serum Cr were comparable, indicating that serum albumin-based surrogates and serum Cr-based surrogates are equally useful for the prediction of mortality in hemodialysis patients 24 . Both GNRI and Cr index are found to be valid tools for longitudinal observation of nutritional status in patients receiving maintenance hemodialysis 21, 25 . Given that outcome predictability and nutritional information derived from the GNRI and the Cr index are comparable, the GNRI-a simpler form of nutritional surrogate-may be more useful and practical for clinical use than the Cr index in patients undergoing maintenance hemodialysis. The question of whether these two indexes accurately predict other outcomes apart from all-cause and cardiovascular mortality in hemodialysis patients remains unanswered. We very recently showed that a lower Cr index was associated with an increased risk for bone fracture 26 . To date, however, no studies have focused on the association between GNRI and bone fracture. Because previous studies focused on cardiovascular and all-cause mortality, further studies examining the impact of these two indexes on a variety of clinically important outcomes in hemodialysis patients are necessary. It is probable that the outcome predictability may differ between the two indexes depending on the types of outcomes examined. These should finally indicate which index is clinically more useful as a nutritional index that can differentiate risk for important outcomes in hemodialysis patients or it is possible that we should differentially use these two indexed depending on the outcomes. Hence, further studies that focus on other clinical outcomes are necessary to compare the usefulness of the two indexes.
The major strengths of this study are its population-based design, large sample size, replication cohort, and use of standardized data across facilities 22, 23, 27 . Participants in the DOPPS are representative dialysis patients of particular countries selected via a stratified random sampling method 28 . We are also aware of several limitations of our study. First, both the GNRI and Cr index were obtained only at baseline. Since both fluctuate with changes in the patients' medical condition, changes in these nutritional indexes may affect the association between them and outcomes. Second, given the nature of observational studies, causal relationships cannot be examined. Third, unmeasured and residual confoundings might have affected the results of our study. Fourth, we did not compare the model performance of these nutritional indexes with MIS, one of the standard nutritional assessment tools frequently used in hemodialysis patients 5 . Fifth, the present study included hemodialysis patients with RKF. The Cr index was originally developed for patients without RKF. When Cr index is applied to patients with RKF, total daily Cr excretion may be underestimated. However, in the present study, Cr index showed significant associations with all-cause and cardiovascular mortality, even after adjustment for RKF. These results suggest that Cr index can be used as a surrogate for mortality, at least when applied to a relatively large study population in which the proportion of patients with RKF is relatively minor compared with that of patients without RKF. Allowing for these limitations, we believe that our results provide useful information about the GNRI and Cr index as nutritional surrogates in hemodialysis patients and serve to direct future goals in this field.
In conclusion, this study confirmed that lower GNRI and Cr index values were almost equally associated with increased risk for all-cause mortality in hemodialysis patients. Because the baseline values that determined a lower GNRI or Cr index category were almost comparable, the GNRI may be more useful than the Cr index for the prediction of mortality in hemodialysis patients because it is a simpler surrogate of nutritional status. Further studies are necessary to determine whether there are differential associations between these two nutritional indexes and clinically important outcomes other than all-cause and cardiovascular deaths in maintenance hemodialysis, including bone fracture, infection-related death, and hospitalization.
Materials and Methods
Design, setting and participants. We used data from phases 4 (2009-2011) and 5 (2012-2014) of the Japan DOPPS (J-DOPPS), which is part of the DOPPS, an international prospective cohort study of in-center hemodialysis patients. The design, data elements, and methodology of the DOPPS have been detailed elsewhere 22, 23 . Participants in the J-DOPPS were randomly selected from a nationally representative sample of dialysis facilities in Japan 23 and provided written informed consent for inclusion in the study. To be eligible, participants were required to have no missing baseline data for the GNRI or Cr index. The study was performed according to the Ethics of Clinical Research (Declaration of Helsinki). This study's conduct was approved by a central ethics committee (Tokyo Women's Medical University, approval numbers 1527 and 2388 for phases 4 and 5, respectively). calculation of the nutritional indexes. The two nutritional indexes were each calculated from the baseline data. The GNRI was calculated using the following formula 9 Statistical analysis. Baseline patient characteristics were summarized according to categories of GNRI and Cr index, respectively, and presented as percentages for categorical variables and medians (interquartile ranges) for continuous variables. We calculated P for trend in each variable across the four categories using Cuzick's nonparametric test for trend 29 . First, we estimated survival using the Kaplan-Meier method, and compared differences using the log-rank test. Second, we used restricted cubic splines to determine the association of mortality with the GNRI and Cr index, adjusted for age, gender, dialysis vintage, and comorbidity (diabetes mellitus and cardiovascular diseases) 30 . As a sensitivity analysis, we further included systolic blood pressure level, normalized protein catabolic rate, Kt/V for urea, blood hemoglobin, and serum levels of CRP, calcium, phosphate, and PTH as covariates in the restricted cubic spline analyses after imputation of mean values, because some of these parameters were missing in a few patients. Third, we assessed the associations of the GNRI and Cr index with outcomes using Cox proportional hazards models, accounting for facility clustering using robust sandwich covariance estimators 22 . Model 1 was adjusted for age and gender, model 2 was additionally adjusted for dialysis vintage and comorbidity (history of diabetes mellitus and cardiovascular diseases), and model 3 was additionally adjusted for presence of RKF defined as daily urine volume > 200 mL/day. P for trend test was conducted by including the nutritional indexes quartiles as an ordinal score to the regression models. We evaluated the discriminative ability of each model using Harrell's c-index 31 . Fourth, we divided the patients into four groups based on the median values of GNRI and Cr index and compared the risk estimates for all-cause and cardiovascular mortality among the groups as follows: patients with higher GNRI and higher Cr index; patients with higher GNRI and lower Cr index; patients with lower GNRI and higher Cr index; and patients with lower GNRI and lower Cr index. The median values for GNRI and Cr index were 95.2 and 20.8 mg/kg/day, respectively. Lastly, we explored the baseline characteristics associated with "malnutrition". In the current study, we defined patients with "malnutrition" when baseline GNRI and Cr index values were equal to or less than the first quartile point, respectively. Candidate predictors of "malnutrition" were age, gender, dialysis vintage, diabetes mellitus, history of cardiovascular diseases, single-pool Kt/V, nPCR, serum albumin, serum Cr, use of VDRAs, and use of phosphate-binders based on clinical experience and theoretical considerations. We did not conduct formal sample size calculations and used all the available data to maximize statistical power. We performed all statistical analyses using STATA (version 14.2; Stata Corp, College Station, TX, USA) software.
Data availability
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